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S0MMOT 
A negative impedance is a two-terminal device which can be 
considered to act as the algebraic negative of its corresponding 
positive (passive) impedance when connected into a network, provided 
the resulting circuit is stable. This thesis is concerned with the 
production of negative impedances, the experimental investigation of 
stability conditions for these impedances, and some applications for 
negative impedances* 
A practical negative capacitance is described which approxi-
mates closely the behavior of a negative capacitance over a fre-
quency range of about two decades* The most significant parasitic 
element associated with the negative capacitance is shown to be a 
variable negative resistance which remains constant over a limited 
frequency range* It is demonstrated that the negative capacitance 
can, with stability, be connected to a positive capacitance of equal 
magnitude if certain limitations are placed on the equivalent series 
resistance of the positive capacitance* 
It is shown that a shunt-type negative capacitance circuit 
can be employed to compensate for the shunt capacitance of a pentode 
amplifier over a frequency range of about five to one. Moreover, 
the compensating amplifier provides some additional gain* The high-
frequency response of the complete amplifier is shown to be little 
different from that of two pentode stages with shunt peaking; but 
V 
no inductances are required, and the very simple compensating stage 
introduces no low-frequency phase-shift due to screen-grid or cathode 
impedance. 
A circuit for realizing In an active network a resistive im~ 
pedance inversely proportional to the square of the frequency is seen 
to he inherently unstable in its ideal form, but stable in its prac-
tical form if certain restrictions are placed on the d riving sources 
for the impedance. In the practical circuit investigated, the impe-
dance possesses a small but non-aero reactive component, and the 
resistive component, even in theory, can approximate the desired 
inverse square frequency variation only in a limited frequency range* 
A review of the literature concerning negative impedances is 
included in the thesis* 
CHAPTER I 
INTRODUCTION 
Definition of the Problem*--Ordinary lumped linear passive impedances 
are the basic elements in most of the conventional electrical network 
theory as this theory is widely known today* The properties of these 
impedances taken individually are well known and may be expressed in 
a precise manner by the use of differential equations, complex algebra, 
or the transformation calculus • Furthermore, in connection with syn-
thesis of impedances to effect prescribed results described in terms 
of one of these mathematical techniques, much has been learned about 
the general properties of arbitrary combinations of a finite number of 
these impedances. l"hese general properties place theoretical restric-
tions on the possible character of any combination of the type of im-
pedances mentioned* 
This thesis deals with two-terminal impedances subject to a 
somewhat different set of restrictions, and of such character that they, 
for purposes of analysis by any of the mathematical treatments named, 
may be considered to be the algebraic negatives of corresponding 
impedances of the lumped passive type* (This equivalence will, however, 
even for small signals, be valid only upon the assumption of suitable 
characteristics by the network external to the "negative impedance", 
as will be seen later*) 
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In seeking a precise and useful definition of a negative imped-
ance several approaches need to be made, since there are involved 
additional considerations not required by ordinary impedances* 
In an elementary way, it might be said that a negative impedance 
is a two-terminal device which, for steady-state sinusoidal excitation, 
requires the (RMS) current entering one terminal to be proportional to 
the (RMS) voltage across its two terminals, but directed oppositely to 
the current flow which would occur if the device were replaced by its 
corresponding positive (passive) impedance* Thus the current flowing 
in a negative resistance experiences a rise in potential as it flows 
through the negative resistance. 
Further, the power and energy characteristics of a negative 
impedance distinguish it from an ordinary impedance. A positive imped-
ance either absorbs energy or stores energy* The only energy which 
can ever leave a passive impedance is energy previously stored. On 
the other hand a negative impedance either produces energy (so far as 
the external circuit is concerned) or lends energy. The only energy 
which can ever enter a negative impedance is energy previously lent 
to the external circuit. Thus the instantaneous power entering a neg-
ative inductance in steady-state sinusoidal operation varies at the 
double frequency but is at all times either zero or negative. 
If a.circuit containing negative impedance is analyzed by the 
usual a-c methods using complex algebra (still assuming stability), 
it can be shown that the frequency variation of both real and imaginary 
components is exactly like that for the corresponding positive impedance, 
except for a reversal in algebraic sign of both components.(1) This is 
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extremely important, since it explains in part the usefulness of a pure 
negative element. Consider, for instance, a resistance in series with 
a constant inductance in some frequency range of interest. If it is 
desired to eliminate the reactive effect of this inductance a series 
capacitor can be employed, and the total reactance "tuned" to zero. 
This cancellation of reactances occurs, however, at only one frequency. 
But if a negative inductance equal in magnitude to the positive induct-
ance (in the frequency range of interest) is connected in series with 
the positive inductance, the total impedance in this entire band of 
frequencies is purely resistive. 
All of the statements so far have assumed that the circuit con-
sisting of the negative impedance and what has been called the "external" 
impedance is stable. This assumption is similar and, in fact, closely 
related to the well-known statement that the gain of a single loop feed-
back amplifier is 
A 
A f H B (1) 
in the region of stability. It has been found that the stability of 
a negative impedance device is dependent on whether the device is 
"voltage-controlled" or "current-controlled". A voltage-controlled 
device produces a "shunt-type" negative impedance. Such an impedance 
is stable when connected to a positive impedance having a smaller magni-
tude at every frequency. A current-controlled device produces a "series-
type" negative impedance.(2) This type of impedance is stable when 
connected to a positive impedance having a smaller magnitude at all 
frequencies. These conditions for stability are ordinarily sufficient 
h 
but not necessary, as will be seen later* 
A precise mathematical definition of a negative impedance in 
terms of the complex frequency variable, s * c + jw, of the LaPlace 
Transform has been given by H. W. Bode*(3) The definition (paraphrased) 
says that Z(s) is a negative impedance if 
(1) Z(s) is a ratio of polynomials in s (with real coefficients). 
(2) Z(s) has no poles for which c>Q (and only simple poles 
with negative residues on CTs 0). 
(3) Re {z(jw)}< 0 for all (real) t». 
This definition, although not of primary importance in the work of this 
thesis, is nevertheless of considerable theoretical value* 
It can be shown that the existence of a source of negative 
resistance, such as the dynatron, makes possible (at least mathemati-
cally) the production of any negative impedance.(1) A list of devices 
for the production of negative resistance, along with an excellent 
bibliography concerning these, has been given by E. W. Herold.(it) This 
review of these devices includes most of the earlier work on the subject 
of negative impedance. The negative impedances of real concern today 
are produced by controlled regenerative feedback in amplifiers. This 
method, although mentioned in Herold's list, did not become practical 
until stable wide-band amplifiers had been developed to their present 
reliability, and methods for prediction of stability in complex feed* 
back circuits had become more fully known. 
Some of the later advances involving negative impedances are the 
cathode-coupled negative resistance,(5,6) the continuing work in the 
analysis of general negative-impedance oscillators,(7) and the development 
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of a practical negative-impedance repeater for telephone lines,(8,9) 
Purpose of Research.--The research for this thesis had four primary 
objectives. These are as follows: 
(1) The production of a negative capacitance free from ex-
cessive parasitic effects (either dissipative or anti-dissipative) over 
a considerable range of frequencies* Such a negative capacitance has 
varied possibilities of practical application such as cancelling unavoid-
able capacitances and use in special filter circuits•(10) 
(2) The investigation of the practical use of a circuit pro-
posed by Verman for producing a dissipative resistance proportional over 
some frequency range of interest to the inverse square of the frequency,(1) 
Such a circuit may be useful in producing filters with exceptionally 
good phase characteristics. 
(3) The investigation of amplifier compensation at high 
frequencies by means of negative capacitance. Such compensation implies 
more uniform phase and frequency response than compensation by means of 
inductive effects. Particularly of interest was the problem of accomplish-
ing this result without adding an undue number of vacuum tubes. 
(k) The investigation into the stability of the circuits 
discussed above. This aspect of the research will not be discussed 
separately, but rather in connection with each circuit. It must be 
realized that in dealing with negative impedances the possibility of 
instability is never distant. This fact accounts for many of the practi-
cal difficulties in their use; but, just as with feedback amplifiers, the 




BRIEF HISTORY AND REVIEW OF THE LITERATURE 
Negative Resistance•—The term "negative resistance" first arose in 
connection with the inverse voltage-current relations of arcs and certain 
glow discharges in gases* These devices are often relatively slow in 
operation, although the arc was used in early radio transmitter oscil-
lators. Furthermore, because of their inherent nonlinear! ty and lack 
of reliability they are not of usefulness in the production of practi-
cal negative circuit elements. With the advent of the dynatron in 1°18 
the concept of negative resistance achieved great prominence. This 
development led to the use of negative-resistance oscillators as radio-
frequency generators, and the use of dynatrons to measure the resonant 
impedance of tank circuits for oscillators and amplifiers• The problem 
of explaining in a quantitative manner the operation of the dynatron 
oscillator (and other nonlinear negative resistance oscillators) was 
attacked by Balth van der Pol(11) and others. The listing and review 
by E. W. Her©ld,(!ij.) which has been mentioned above, outlines many of 
the early developments concerning negative resistances* 
Negative-resistance oscillators have continued to receive 
attention since the advent of the dynatron. Gledo Brunetti has estab-
lished a method of predicting the amplitude of oscillation which is 
both accurate and instructive.(12) His method is essentially the plot-
ting of a curve of the magnitude of negative resistance versus the 
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amplitude of the applied sinusoidal voltage• (This method involves the 
use of a negative-resistance bridge or a graphical operation on the 
static current-voltage characteristic,) This curve is then compared 
with the resonant impedance (l/CR) of the tank circuit, to predict the 
amplitude of oscillation, the possibility of amplitude instability, 
and the frequency range for which oscillation can be sustained (with 
variation of the capacitance, C)* This technique is important because 
it avoids the necessity of solving a linear differential equation, 
whose coefficients are experimentally-determined polynomials (an ap-
proximation) , in a series* At the same time this method lends greater 
insight into the phenomena produced by negative-resistance oscillators* 
Newer sources of negative resistance of importance are the crys-
tal diode,(13) biased (negatively) into the breakdown region, the 
transitron,(lii-17) and the cathode-coupled negative resistance,(5,6) 
which operates to frequencies as high as 600 me with a miniature 
duplex triode. The negatively-biased crystal diode is a negative 
resistance of the current-controlled type* Such a characteristic is 
also demonstrated by a properly-biased transistor* The cathode-
coupled negative resistance is of importance not only because of its 
possibilities at very high frequencies, but also because it can possess 
a stable and more nearly linear characteristic than the dynatron. This 
property is of importance in the use of negative resistance to provide 
two-terminal amplification* 
Even at present the difficulties presented by nonlinear dif-
ferential equations have not been sufficiently resolved to permit a 
complete understanding of all the phenomena associated with negative-
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resistance oscillators in a reasonably simple manner. However some of 
the principle facts are now well known and may for instance, be demon-
strated by means of admittance loci (with frequency as the running 
parameter).(18) 
The introduction of the dynatron and its instances of practical 
application led to theoretical investigations by such men as A. C. Bart-
lett,(19) Balth van der Pol,(20) and L. C. Veman, (1) who described 
the possibilities for new types of impedances not restricted to the 
passive elements and their combinations. Consider the basic circuit 
shown in Fig. 1. The input impedance of this network, calculated in 
the usual manner of complex algebra (and assuming stability) is 
Zt 9 -m
2/Z (2) 
Now if the element m is a resistance, R, the element (-m) is a negative 
resistance, -R, and Z - jwL, the impedance of an ordinary inductance, 
then 
\ r -R2jwL aqfive-' (3) 
2 
where C* - -L/R , a negative capacitance. On the other hand, if 
Z - l/jwC, the impedance of an ordinary capacitance, as in Fig. 2, 
then 
Z t = -R
2/(l/jwC) .-jwR2C = jwL' {k) 
p 
where Lf = -R G, a negative inductance. It is also easily shown that 
the negative impedances thus obtained perform under transient conditions 
just as the algebraic negatives of positive impedances would perform 
vVv 1 V \A 
m 
-a 




Circuit for Negative Inductance 
Figure 2 






according to the ordinary linear differential equations of electric 
circuit theory. It should be noted that these results depend on the 
validity of the circuit drawn to represent the physical facts. For 
instance if the resistances in the series arms are subject to skin 
effect, the results are no longer correct outside of a certain frequency 
range. In an exactly like manner the argument of the complex number 
representing the negative resistance (no matter how the negative resist-
ance is obtained) can approximate -/ronly in a certain frequency range, 
thus restricting the results given. This should cause no alarm, however, 
since there are practical limitations of frequency and amplitude of 
signal for almost all circuit elements, passive or otherwise. 
After the production of a negative capacitance and inductance 
it is possible to assemble combinations to form negative impedances 
of arbitrary complexity (so long as some method of assuring stability-
is employed). However, a more interesting type of combination imped-
ance results from two-terminal circuits containing both positive and 
negative elements. Such impedances have been termed "general" or 
"active" impedances and have been investigated to some extent by Bode.(3) 
The stability or instability of general active impedances in a network 
is not, as yet, fully predictable in the sense that necessary and suf-
ficient conditions for stability are known in every case, although 
Bode lists rules which cover many useful and interesting cases. A 
particular set of these general active impedances was examined by 
Verman. This set, produced by the reinsertion of negative elements 
into the basic T of Fig. 1 consists of impedances proportional to 
(jw) , where n can be any integer. In this result, if n is even the 
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resulting impedance is dissipative or antidissipative, while if n is 
odd the resulting impedance is non-dissipative. Many of these circuits 
would seem to be inherently unstable; but since, as noted before, the 
characteristics desired can at best be obtained only over a finite range 
of frequencies no matter what the desired results, the circuits may be 
modified to give stability. Such modifications must be controlled so 
as to minimize undesirable effects in the frequency range of interest* 
This problem is difficult, but not always impossible to solve. The 
modifications will, however, make certain of the theoretical results 
invalid, as will be seen later. 
The circuit of Fig* 2 has been investigated experimentally. In 
this investigation, conducted by Gledo Brunetti and J. A. Walschmitt,(21) 
a transitron was used to supply the negative resistance required in the 
shunt branch. Since the transitron is a shunt-type negative resistance 
it would be expected that the resistance associated with a source such 
as shown in Fig. 2 would be restricted to values less than some definite 
maximum in order to insure stability. This limitation was borne out 
experimentally, and in fact, is characteristic of the type of limitation, 
which ordinarily restricts the use of negative impedances of all kinds. 
Subject to this restriction, however, it was possible to closely simu-
late a negative inductance over a frequency r ange greater than five 
octaves. A most important effect noted in this study was the extreme 
necessity for precision in circuit elements in order to obtain the 
theoretical result predicted from the network of Fig. 2. This precision 
is necessary because of the cancellations which must occur in the 
expression for Z^ in terms of the components of the network (see appen-
dix) . An extreme example of the result of small variations in the 
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element Values (in a rather unfavorable case) is reported by Brunetti 
and Walschmitt. In this example a 1*3 per cent variation of the negative 
resistance changes the power factor angle of Z^ at a frequency of 1000 
cps from its ideal value of -90.0 degrees to -17*6 degrees* 
General Negative Impedance Using Amplifier.—As noted above, any 
negative impedance can be produced by combinations of negative resist-
ance, inductance, and capacitance obtained with Verman's circuits for 
negative elements if the final circuit can be made stable• Even 
assuming stability, however, this method of producing an arbitrary 
negative impedance is somewhat impractical owing to the difficulty of 
reducing the undesired residual effects (such as the parasitie series 
resistance in a negative inductance as described above). These dif-
ficulties can be more easily resolved by using a different method 
for producing the negative impedance. This method involves the use 
of controlled positive feedback applied in an amplifier. 
In 1931, circuits based on this method were shown by George 
Crisson(2) which can produce any desired negative impedance provided 
that the positive of the impedance can be constructed in the form of 
a two-terminal network. These circuits, shown, in Fig. 3 and k9 
Crisson ascribed to R. G. Mathes and H. W. Dudley respectively© '•'•he 
ideal circuits drawn require amplifiers with no phase-shift, no polarity 
reversal from input to output, a constant gain (greater than unity), 
An arbitrary negative impedance can also be produced by con-
structing the inverse of the positive impedance, and inserting this in 
place of the capacitance in Fig. 2. This method was not investigated 
in the research for this thesis. 
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an infinite input impedance, and a constant resistive output impedance 
at all frequencies• If these requirements are fulfilled and the proper 
constraints are placed on R and IL (see appendix) the resulting im-
pedances seen by the voltage e, are Zt s Zn(A - 1) for Fig* 3 and 
Zt z -Z-/CA - 1) for Jig* k» Because of the method of connecting the 
input and output terminals of the amplifier in each case, Crisson 
called the negative impedance produced in Fig. 3 a series-type negative 
impedance and that of Fig. U a shunt-type negative impedance* 
in his investigation of series-type and shunt-type negative 
resistances produced by this method (in this case a finite resistive 
input impedance is not detrimental) Crisson established the following 
basic rule concerning the stability of a negative resistance inserted 
in a purely resistive circuit: 
• • . a negative resistance of any desired value may be inserted 
in a circuit having any positive resistance E provided that 
the inserted resistance has the characteristics of the series 
type when the inserted negative resistance is numerically 
smaller than the positive resistance or the characteristics of 
the shunt type when the negative resistance is numerically 
larger than the positive resistance.(2) 
It will be noted that this is essentially the same criterion for 
stability as given without proof in the introduction if the word 
resistance is replaced by impedance and if the required inequalities 
are stipulated to be true at all frequencies. However, to obtain a 
more delicate test for stability, the IJyquist plot of feedback loop 
transmission factor maybe examined. If an external impedance Z 
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(assumed here to be a positive impedance) is connected to Z. in either 
the series or shunt*type circuit, the result is a single-loop feedback 
lh 
amplifier of the proper type for ̂ quistfs Criteria to apply. In fact 
the resulting feedback amplifier is not different in the two cases ex-
cept that the feedback impedance and the external impedance are inter-
changed. Accordingly the stability criteria concerning the impedances 
are essentially the same. Peterson, Kreer, and Ware, in their classic 
article entitled "Regeneration Theory and Experiment"(22) show that 
the Nyquist Criteria may be paraphrased for the series-type circuit 
to involve plotting the locus of the complex ratio 
- z t 
lis 
Z 
and for the shunt-type circuit, the locus of 
(5) 
ze 
L2 • (6) 
-h 
In each case, if the locus (plotted for all real frequencies) en-
closes the point 1 + JO the circuit is unstable, and conversely, if 
the locus excludes the point 1 + jO the circuit is stable (either 
absolutely or "Nyquist stable"). 
Criteria for stability of combinations of negative impedances 
and general impedances also have been developed by H* W. Bode (3) to 
cover many cases of practical interest. These include conditions for 
stability and instability of connections of both shunt-type and series-
type negative impedances and their combinations. 
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Experimental work on negative capacitance and resistance circuits 
has been carried on by Gledo Brunnetti and Leighton Greenough.(10,23) 
Their results are probably the most useful practical results shown in 
the literature to date. They used a feedback amplifier of two stages 
with a shunt-type circuit. The results reported however are concerned 
primarily with the relation of the amplifier parameters to the negative 
impedance, rather than the frequency characteristics of the negative 
impedance• A theoretical investigation of the effects of parasitic 
capacitances and interstage coupling networks has been published by 
E. L. Ginzton.(2k) The investigation considers the ease of a two-stage 
resistance-coupled amplifier only, but results are indicative of probable 
results with more complex circuits* Ginzton also shows practical examples 
of the use of negative impedances in circuit design* These examples, 
along with similar examples shown by Terman, Buss, Hewlett, and Cahill(25) 
in connection with benefits of negative feedback include cancellation of 
power-supply impedance, improving the selectivity of intermediate-
frequency amplifiers, and increasing the maximum modulation index (for 
no distortion) of a diode detector* 
Recent developments in the field of negative impedance include 
the cathode-coupled negative resistance mentioned earlier, possibilities 
for battery-powered, self-enclosed negative impedances employing low-
drain transistor amplifiers, and the use of a negative-impedance repeater 
designed for application to long local telephone loops* 
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CHAPTER III 
PRODUCTION OF A SHUNT-TTFE NEGATIVE CAPACITANCE 
WITH SMALL PARASITIC EFFECTS 
A shunt-type negative capacitance can be of much use in many 
specialized problems. An example is the cancellation of an undesired 
parasitic capacitance in a measuring device such as a bridge, Q meter, 
oscilloscope, or vacuum tube voltmeter(10)• In such applications an 
adjustable negative capacitance with good frequency characteristies 
and a negligible power factor could be a valuable device. Other pos-
sible applications in the field of network synthesis may become im-
portant. (As pointed out by Bode,(3) any transfer relation between 
two sections of a network which is obtained through the use of active 
elements in the network can also be obtained with passive elements and 
amplification if the network employing active elements is stable. 
Nevertheless the use of active elements may at times be preferable in 
cases where such considerations as residual losses, circuit unbalance, 
stray capacities, or extremely low or high impedance levels are con-
trolling factors in a design.) 
Amplifier Requirements.—The realization of a useful negative capacitance 
is essentially a problem of amplifier design in which the amplifier 
characteristics must be carefully controlled. The amplifier requirements 
discussed below are the primary considerations in a proper design. They 
are also important in the amplifier compensation problem to be discussed 
later. 
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In the shunt-type negative impedance circuit of Fig, S$ the nega-
tive capacitance is easily shown to be 
-Cn = -0f(A-l) (7) 
This capacitance is ordinarily (in the mid-frequency region) in series 
with a negative resistance 
-Ra = -R0/(A-1) (8) 
where RQ is the output impedance of the amplifier; thus the equivalent 
circuit is Fig, 6. This negative resistance could be cancelled to any 
required degree with a positive resistance, but this is not ordinarily 
done, since doing so leads to instability in many applications. Yet 
if the loss angle of the negative capacitance is to be small, R must 
not be large. For values of A greater than about five, the magnitude of 
negative resistance is approximately inversely proportional to A, Thus 
a larger A is desirable in order to reduce R^, (This comment assumes 
that R is not increased to increase A, as would generally be the case 
if the gain were increased in some stage other than the last in an 
amplifier without overall voltage-controlled feedback.) However, a 
value of A which is greater than about 12 will increase unduly the pos-
sibilities of oscillation in the amplifier. This statement applies 
particularly to feedback amplifiers, and it has been noted before that 
the entire negative-impedance circuit to be employed is a feedback 
amplifier even if no additional nominally negative feedback is employed 
in stabilizing the amplification A. Furthermore it must be remembered 
18 
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Shunt-Typo Negative Impedance 
Figure k 




2t - < * 
Equivalent Circuit of Negative Capacitance 
Figure 6 
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that Gf is approximately inversely proportional to A for large A and a 
fixed value of Cn« Thus if C is small Of may be "swamped out" by 
parasitic elements• For example if Gn « 100 uuf is desired, then with 
A * 11, the feedback capacitor is only Ĝ . « 10 uuf, A capacitor of such 
size with very good characteristics is not difficult to procure, but 
the undesired stray capacities across C_, and in fact across R0 and other 
circuit elements in the amplifier may in this case be of the same order 
of magnitude as Cf. This obviously renders the circuit of Fig. 6 inap-
propriate, and the resultant impedance, Z^, may differ greatly from that 
of a negative capacitance. The negative impedance Z. may also be changed 
from its ideal form by virtue of the fact that |%. | is no longer large 
enough to be considered infinite in comparison with l/wG« in the useful 
frequency range. From these considerations, then, it seems that a 
reasonably small value of A is most practical. 
There is also a lower limit for A. If A is only slightly greater 
than one, the resulting impedance will be negative in character, but for 
A s 1, small fractional variations in A will produce extremely large 
fractional variations in Z^, This is readily seen to be undesirable. 
A compromise range of amplifications to suit most of these requirements 
would seem to be 
2 £ A £ 12. (9) 
The limits here are extremes which are valid for most practical values 
of negative capacitance in the range of frequencies where resistance-
coupled amplifiers are most useful (to perhaps 100 kc or 200 kc). 
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In general, the output impedance should be resistive in the fre-
quency range of interest, and its magnitude should be as small as 
possible. One method of producing a very small output impedance is to 
employ overall voltage-controlled feedback. This method has the further 
advantage of producing the other well-known benefits of negative feed-
back. 
Phase-shift in the amplifier should be held to an absolute mini-
mum in the frequency range of interest. If this is assured, then the 
amplification will ordinarily be constant. Phase-shift tends (at 
least as a first approximation) to change the equivalent circuit of Fig# 6 
to that of Fig. 7. The shunt resistance R(w) maybe considered infinite 
in the mid-frequency region. In general, for resistance-coupled ampli-
fiers (with or without feedback), above this region R(w) assumes 
negative values which decrease in magnitude as w increases. At fre-
quencies below this region R(w) is positive, and decreases as w decreases. 
This circuit represents the character of Z-̂  reasonably well so long as 
the amplification does not change appreciably. Outside of the region of 
substantially constant amplification the phase-shift in the amplifier is 
so great that Z^ is no longer even approximately of the form l/(-jwC ), 
and it isisually necessary at these frequencies to insure stability, 
rather than to attempt the correction of Z^. If sufficient care is taken 
in the design, and sufficient control is exercised over the phase-shift 
An exact solution for the proper frequency variation of R(w) 
(but expressed in a different form) for the ease of two identical resis-
tance-coupled amplifier stages in cascade is shown by Ginzton(2lt). In 
the general case the solution will be somewhat similar and may be repre-
sented as we have shown only under the conditions stated. In any stage 
employing inductive peaking the statements concerning R(w) would need 
modification. These statements concerning R(w) were verified for the 
feedback amplifier circuit described below* 
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outside the mid-frequency region, any desired frequency range can be 
obtained (at least in theory) in which Z, does not deviate appreciably 
from its ideal form. 
It is possible that phase-shift in the amplifier could be intro-
duced in such a way as to effectively reduce the loss angle of the 
negative capacitance. This effect would be possible over a limited 
frequency range, and its mechanism would involve simply the variation 
of R(w) in the proper fashion to dissipate the power entering the net-
work through -Rn. This compensation would probably involve some type 
of inductive peaking or perhaps some more refined form of interstage-
coupling network with a phase shift expressly designed to provide the 
parameter (A-l) with the proper phase-shift approximately to cancel 
the loss angle of Z.• This type of compensation might allow the use 
of an amplifier with a somewhat larger output impedance. It should be 
noted that stability of such a compensated circuit cannot be taken for 
granted. This aspect has not been investigated* 
Nominally negative feedback can producenany of the properties 
desired in the amplifier. In the frequency range where the magnitude 
of loop transmission coefficient |AB | is much greater than unity, 
all the customary benefits of negative feedback apply. These of course 
include greater constancy of amplifier parameters with respect to power 
supply voltage variations and a better approach to linearity. Greater 
constancy of amplifier parameters makes prediction of stability simpler, 
since the methods of prediction based on ideal networks can then be 
assumed to apply. 
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However, feedback sufficiently large to accomplish these results 
can itself introduce instability at frequencies where AB is changing 
rapidly. This phenomenon is well known, and methods are available to 
produce absolutely stable feedback amplifiers of the single loop v ariety. 
Use of the amplifier in a negative impedance circuit complicates these 
methods since the feedback is no longer of the single loop variety, 
This fact becomes especially important if individual stages possess 
internal feedback (such as cathode degeneration). In general, then, 
it is not easily possible to predict the stability of a negative im-
pedance circuit if the amplifier concerned has overall negative feed-
back and internal feedback loops. 
Overall feedback of the voltage-controlled type has several ad-
vantages in the construction of the desired amplifier. These include 
the usual benefits of negative feedback and the property of output im-
pedance reduction(26), Such reduction provides a very practical way to 
reduce the parasitic resistance R • 
Negative feedback enhances, also, the phase response of the 
amplifier. This property causes R(w) in Fig. 7 to be substantially 
infinite in the frequency range where 
| A B | » 1 . (10) 
Naturally,' R(w) will change more rapidly outside of this range than 
without negative feedback. 
The value of amplification, A, must be positive and greater than 
unity in the circuits of Fig. 3 and 3?1g. k* This implies not only a 
magnitude greater than unity, but also no phase reversal from input to 
23 
R(w) -R n 
*t 
-C n 
Effect of Amplifier Phase-Shif t on Negative Capacitance 
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F i r a t Method of Iv'easuring Amplifier Output Impedance 
Figure 9 
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output© If all stages of the amplifier are grounded-cathode stages, 
then an even number of then are needed • Grounded*plate (cathode-follower) 
and grounded«grid stages introduce no phase reversal* It is important 
to note that each stage added introduces the phase-shift of its inter* 
stage network, thus contributing to the instability problem at high and 
low frequencies if feedback is employed, and to reduction of the magni-
tude of R(w) outside the raid-frequency region whether or not feedback 
is employed* 
In general all two-terminal impedances which are considered linear 
for purposes of analysis become nonlinear impedances if they are required 
to accept too great an input voltage (or current)• In the case of a 
negative impedance the tolerable input voltage is limited by the linear** 
ity of the amplifier parameters* The linearity of the amplifier can be 
Improved by negative feedback* If this feedback is coupled with 
additional stages to provide a larger available output power, the 
negative capacitance produced can be made to allow an arbitrary maxi-
mum voltage, regardless of the value of capacitance (at least in theory)* 
Another method of achieving greater linearity is through the use 
of balanced push-pull circuits. Such circuits have the desirable 
property of cancelling even harmonic components of distortion intro* 
duced in the vacuum tubes* This method would probably be of advantage 
in applying a sbunt«»type negative capacitance to a circuit balanced 
with respect to ground• It would also make arbitrary the number of 
stages required since the capacitive feedback could be applied across 
the symetrieal halves of the circuit in the case of an odd number of 
stages* 
2S 
Circuits Employed* —Several amplifier circuits were employed during the 
investigation. They were evaluated according to the requirements dis-
cussed above, many of which became evident during measurements on the 
amplifier circuits used in negative-capacitance circuits. Two of these 
amplifiers are discussed below. 
The gain of each amplifier was determined by standard methods 
using an audio oscillator, input attenuator for isolation, and vacuum-
tube voltmeters as in Fig* 8* The determination was made over a range 
of frequencies to determine either the complete frequency response or 
the frequency response up to about 200 kc. 
The output impedance of each amplifier tested could be expected 
to be essentially resistive in the mid-frequency range. Their measure-
ment then was accomplished by use of the voltage division rule as 
illustrated in Fig. 9 or by means of the technique of Fig. 10. A 
frequency of 1000 cps was used for most of these measurements, although 
checks were made at other frequencies to insure reliability of the 
measurements. The blocking condenser, C, was chosen large enough to 
present negligible reactance compared to R. In using the voltage division 
rule, a non-inductive resistance R, was selected so that E~ » ^E, (to 
give RQ m R). Then the exact relation is 
R0 « RE2/(EX - Eg) (11) 
With the technique of Fig* lo a constant voltage, e,, was applied to 
the input of the amplifier and E s Ae.. * E was measured. Then the 
resistance, R, was shunted across the amplifier and E s E* was measured. 
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R was chosen so that E p z i&-\ ("to give BL «• 8). Then the exact relation 
is 
R r RCET-EOJ/BO (12) 
o m J- ^ 
The circuit used for measuring negative capacitance and negative 
3 
resistance is shown in Fig. 11. It is a useful circuit because it can 
be reasonably accurate while maintaining stability. The bridge shown 
inside the broken line is a Western Electric hk impedance bridge. The 
elements R and C_ are the standard elements in the bridge. These were s s 
used to provide a rough balance* The fine balance was provided by Rp, 
a precision decade resistance, and Gp, composed of a precision decade 
capacitance and a vernier capacitance with an error less than one uuf 
(neglecting external leads), 'i'hese instruments were all General Radio 
Company standard elements. The input was maintained small enough during 
the measurements to allow no appreciable nonlinearity in the negative 
capacitance. However, near balance the small nonlinearities introduced 
by all of the circuit elements became appreciable in proportion to the 
bridge output. Furthermore hum and noise from the electronic instru-
ments and the power line obscured the bridge output. For these reasons 
it was often found necessary to resort to the use of a filter in the 
detector circuit. The filter used was a variable filter covering most 
of the audio frequency range, 'ihe vacuum-tube voltmeter was used both 
as a null detector and as an amplifier to demonstrate the bridge output 
This method is in principle like that used by Brunetti and 
Greenough(lO). 
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on the cathode-ray oscilloscope* In the audio-frequency range head-
phones were also found useful in the detection of a precise null* 
The method of measurement consisted of two balances* The bridge 
was first balanced with the negative capacitance connected at X* The 
parallel elements C and R were adjusted to provide stability. For this 
circuit stability will ordinarily be insured if G 2G regardless of 
the values of Cs, R. , and R • It was also found helpful in some cases 
to use a low-impedance input circuit, such as provided by the inverted-L 
attenuator shown in Fig. 11. Rs and C_ were so adjusted as to give a bal 
ance sensitive with respect to variations of C and Rp. Upon making 
the fine balance the values G s Cp^, Rp - Rp] , and the frequency were 
recorded. Then the negative capacitance was removed by breaking the 
circuit at Y, and the bridge again balanced,. This balance was made 
by variation of Cp and R only. The values G - Gp2 and Rp = Rp2 were 
noted, and the following formulas were employed to obtain Rn and C : 
Ce = ^ G P r
C p 2 ) (13) 
-Rpl *p2 
Re = - O W 
%2-%l 
i + (wc R ) 2 
-G -C . <**> 
n - e ' (WCeRe)'^ 
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-R - _ ! ci6) 
n "• 
i • (wceRer 
The aethod used is capable of reasonable accuracy if a proper adjustment 
of the independent variables R_ and C is made. This adjustment varies 
s s 
widely with frequency and was generally obtained by trial and error. 
The cathode-coupled amplifier(5*6,26-29), shown in Pig. 12, has 
a roid-frequency voltage amplification of 
m̂ 
V*2 * 1)HL\ 
pplrp2 * r P A *
 PplVU2 * » * V « l * W*i + rP2> 
(17) 
and a resistive output impedance in the mid-frequency region of R , 
where 
i2 * 1 
i -r 
1 X Vrp2 / W gm2*l/M (18) 
R„ Br & h *V2 
and 
1 1 1 1 
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Its inherent degeneration makes its use at high frequencies very 
practical. Furthermore, it is direct coupled, and therefore introduces 
no low-frequency phase-shift. Its gain can be adjusted within the 
range mentioned above, and its output impedance can be made reasonably 
low using triodes with large transconductance, 
A cathode-coupled amplifier was designed and built to provide a 
voltage amplification of two and an output impedance of about 1800 ohms. 
The circuit used was that of Fig. 12, and the duplex triode employed 
was a 6J6. The sections of this duplex triode have large ratios of 
transconductance to interelectrode capacitances, thus providing the pos-
sibility of a wide-band negative capacitance. However, the 6J6 tubes 
are miniature in size, and the voltage input which can be employed with-
out clipping of either or both peaks was found to be quite small. In 
most eases an input voltage of one volt or more produced a decidedly 
distorted output waveform. For input signals as large as two volts 
the amplifier clipped noticeably, 
Other characteristics of this amplifier were also somewhat un-
favorable. Due to the low-frequency characteristics of the amplifier 
it was neeessary always to maintain a very low-impedance path from 
the input to ground in order to prevent low frequency signals (in 
particular, 60 cps hum from power circuits) from obscuring the results 
desired, 
Although these characteristics of the amplifier were not desir-
able, a negative capacitance was constructed using a feedback capacitor 
of Cx. - 0.125 uf. The resulting negative impedance was then experimen-
tally determined to consist of a -1700 ohm resistance in series with a 
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capacitance of -0.130 uf. These figures remained substantially constant 
over the audio-frequency range. By increasing the amplification, it 
would have been possible to obtain a capacitance multiplication; that 
is, the same value of Gn could be obtained with a smaller feedback capa-
citor. However, increasing the gain will not materially decrease the 
series resistance R^, since B^ is approximately proportional to both 
the output impedance R0 and l/A, the reciprocal amplification, and R 
is approximately proportional to A. It can be seen that the loss angle 
of this negative capacitance is unreasonably large at most audio fre-
quencies. This is not of too great concern since use of the same 
amplifier to obtain a smaller negative capacitance, say 0.001 uf, 
would result in the same series negative resistanee and therefore a 
considerably smaller loss angle (less than one degree at 1000 cps). 
Nevertheless it was evident that, at least for experimental purposes, 
a more complicated amplifier circuit would be needed. 
Many of the disadvantages of the circuit just discussed Could be 
overcome by the application of a large amount of negative f eedback 
applied in the voltage-controlled manner over two or more stages. In 
fact a feedback amplifier of this type fulfills most of the amplifier 
requirements listed above* The primary drawback to this approach is 
the complicated stability problem which it introduces. 
The amplifier finally selected is a rather complicated, four-tube 
amplifier with several feedback paths. It consists of a conventional 
two tube resistance-coupled feedback amplifier in cascade with a double 
cathode-follower output stage. There is, in addition, a voltage-
controlled feedback path from the output of the double cathode-follower 
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to the grid of the second tube. The especially useful property of the 
double cathode-follower in this application is its exceptionally low 
output impedance. The particular feedback methods employed were neces-
sary to avoid low-frequency oscillations resulting from large phase-
shifts due to coupling capacitors. 
The complete circuit, including element values of the feedback 
amplifier, is shown in Fig. 13 • •%© voltage amplification of this cir-
cuit was, very closely, A » 8.3, and the output impedance R0 = 35 ohms. 
This value for the output impedance is approximate; the exact value was 
evidently a relatively sensitive increasing function of the amplitude 
of input voltage, '̂ 'hese parameters yield a theoretical magnitude of 
residual negative resistance (in the mid-frequency region) of about 
five ohms. The equivalent series resistance of the feedback capacitor, 
Cf, divided by 7»3* must also be "added to this resistance to obtain the 
actual mid-frequency value. An equivalent magnitude of series resistance 
of the order of five ohms is not excessive, and a proportionality factor 
of seven between C and C is in the desirable range. These facts, 
coupled with the linearity of the feedback amplifier and its constancy 
of gain, indicated that the circuit was suitable for further experimenta-
tion to examine the properties of negative capacitance. 
Negative Capacitance and Its Properties.—»Two values of negative capaci-
tance were produced using the feedback amplifier just discussed. The 
feedback capacitor was in each case selected from a group of various 
types and brands, the criterion being the magnitude of equivalent series 
loss resistance. F0r the first capacitance a Gornell-Dubilier capacitor 




(nominally rated at 0.01 uf) with series values of G « O.Q095& uf and 
R « 5 ohms was chosen* The second capacitance chosen was a Western 
Electric capacitor (nominally 0.001 uf) with a measured capacitance of 
C x 0.00101 uf and a dissipation factor too small to be exactly determined 
with the General Radio Company 650-A impedance bridge at a frequency of 
1000 cps. This dissipation factor was evidently in the order of 0.001, 
and the series resistance can probably be considered to be in the range 
200 to 300 ohms. 
In general, any physical element deviates from the ideal over 
part of the useful frequency spectrum, For instance the equivalent 
series inductance of a physical coil with small losses will increase 
as its first self-resonance (with its distributed capacity) is ap-
proached. The negative capacitance produced by an amplifier will 
similarly have minor variations with respect to frequency, and its 
residual series resistance will experience larger proportional variations. 
This variation is not primarily due to variation in magnitude of ampli-
fication, but to the accompanying phase-shift. Another cause for varia-
tion of the series negative resistance is the variation of equivalent 
series resistance of the capacitor« 
The exact variation of Ga and R^ with respect to frequency is 
shown by tables 3 and h in the appendix. The most important results are 
shown graphically in Fig* 2k (for 0f i 0.01 uf) and Fig. 15 (Gf s 0.001 vtf)* 
In the first case the predicted value of negative capacitance is 
-GB * -Gjfe - 1) - -0.069 uf, and the predicted mid-frequency value of Rn 
is -RJJQ s •(RQ * 5)/(A - 1) « -6 ohms,. The experimentally observed values 
of Gn ranged from 0-.Q690 uf to 0.0701 uf for frequencies between 500 cps 
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and 50 kc. These figures represent a variation of 1*6 per cent over a 
frequency range of two decades• The variation of R over the same two 
decades conforms to the statements made concerning the approximate 
equivalent circuit of Fig, 7« In the mid-frequency region S is approxi-
mately eight ohms, a value which agrees reasonably with that predicted 
above* At lower frequencies R becomes negative (the actual resistance, 
-RJJ becomes positive), tending to increase in magnitude very rapidly at 
frequencies below 1000 cps. 
Using the second feedback capacitor the predicted value of nega-
tive capacitance is -Gn n -Q#0073 uf, and the predicted value of series 
resistance is in the range -31 to 4*5 ohms* The measured values of G 
differed somewhat from this prediction; the extreme values for 0 in this 
case, for the same two decades as considered above were 0.006°1 uf and 
0.01 uf• The latter figure was taken at a frequency of 50 kc, and the 
determination could not be made with the same precision as at lower fre-
quencies# It is therefore reasonable to assume that the value Gn s 0.0072 uf, 
taken at 20 kc, is close to the exact extreme value, and upon this assump-
tion the percentage variation of C from 500 cps to 50 kc is approximately 
ii.2 per cent. This larger variation is probably a result of inaccuracy in 
measuring a smaller value of G , rather than a greater variation of the 
true negative capacitance. The mid-frequency value of R again verifies 
the predicted result With sufficient accuracy, since the series resistance 
of the feedback capacitor was not accurately known. 
Figs. Ik and 15 show also the variation of the loss angle of the 
negative capacitance with respect to frequency, and with actual losses a 
function of negative angles. The loss angle at most frequencies shown is 
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small enough to allow the negative capacitance to be considered a pure 
element for many purposes, ^ne maximum magnitude of loss angle found 
was 9.0 degrees or 0.16 radians . At most frequencies the l o s s angle was 
l ess in magnitude than 0.1 radian, the value often used as a dividing 
l ine between pure elements and complex elements for engineering purposes. 
The power factor of these two negative capacitances i s therefore small 
enough in magnitude to be comparable with tha t of a passive c i r cu i t 
element. 
A graphical method of demonstrating the frequency cha rac t e r i s t i c s 
of a negative capacitance i s t o p lo t the locus of the quanti ty §^ defined 
by 
S * jwZt(jw) (20) 
where Z. (jw) i s the negative impedance (in complex form) expressed as 
a function of jw. This def in i t ion i s equivalent to 
1 
S fr\ (21) 
Cn 
and i t i s therefore seen t h a t constancy of C i s represented by c lose-
ness to a v e r t i c a l locus , while a small excursion from the negative 
r ea l axis demonstrates a small loss angle. The locus for Cn = 0.0? uf 
i s shown by f i g . 16. 
The s t ab i l i t y of a negative capacitance in p a r a l l e l with a posi t ive 
capacitance (with control led losses) was examined using the c i rcui t of 
Fig. 17. The procedure employed was to se t the capacitance C at a known 
value and increase R u n t i l o sc i l l a t ions were noted on the cathode-ray 
osci l loscope. R was then further increased and the type of resul t ing 
•-^"Tv _ 





osci l la t ions noted. The frequency of osc i l l a t ion was a l so measured with 
an electronic frequency meter, when the voltage across R was large enough 
to operate the meter aid the frequency was within the 5>0-kc range of the 
meter. Outside of t h i s range the frequency was estimated from the osc i l lo 
scope t r a c e . No general rules were observed concerning t r a n s i t i o n from 
one mode of o sc i l l a t i on to another* 'I'he o sc i l l a t i ons demonstrated 
changed character at times gradually and a t other times with violent 
and e r r a t i c changes i n waveshape. Within'a single mode, however, the 
frequency of o s c i l l a t i o n usually was a decreasing function of R and the 
peak voltage an increasing function of R. 
F ig . 18 shows the var ia t ion of the c r i t i c a l res is tance R as a 
cr 
function of C. I t i l l u s t r a t e s the fac t tha t s t a b i l i t y i s a p rac t ica l 
impossibi l i ty fo r C < C , but shows tha t for design purposes i t i s pos-
sible to closely approximate the borderline condition of C - C i f C 
i s not subject to d r i f t . In t h i s case Fig. 18 demonstrates t ha t a 
sufficient condition for s t a b i l i t y i s tha t R < R i R , as would be 
J c r " 








































COMPENSATION OF AN AMPLIFIER 
Statement of the Problem.—Compensation fo r the shunt c a p a c i t y i n r e -
s i s t ance -coup led a m p l i f i e r c i r c u i t s by means of nega t ive capac i t ance 
has been mentioned i n t h e l i t e r a t u r e ( 1 0 ) . Capacitance n e u t r a l i z a t i o n 
by means of c r o s s - c o n n e c t i o n of c a p a c i t o r s has long been p r a c t i c e d i n 
rad io- f requency a m p l i f i e r s , '-̂ ne b e n e f i t s of such n e u t r a l i z a t i o n i n 
push-pu l l t ransformer-coupled audio a m p l i f i e r s have been i n v e s t i g a t e d ( 3 0 ) 
and found t o be of l i t t l e v a l u e because of t h e i r i n s i g n i f i c a n c e i n r e l a -
t i o n t o o t h e r l a r g e r e f f e c t s , such as mu l t i p l e t r a n s f o r s e r r e sonances , 
However, t o the w r i t e r ' s knowledge, no complete t h e o r e t i c a l i n v e s t i g a -
t i o n has been made i n t o t h e p o s s i b i l i t y of capac i t ance c a n c e l l a t i o n 
by means of succeeding s tages of an a m p l i f i e r i n the case of wide-band, 
5 
video-type ampl i f iers . Such compensation might provide b e t t e r perform-
ance or perhaps b e t t e r economy by improving frequency and phase response 
without addit ional tubes and without the necessity for peaking inductances. 
Actually, compensation with a pure negative capacitance would imply 
much improved phase and frequency response, without sacr i f ic ing one to 
obtain the o ther . In fac t increases of five or t en to one i n band width 
have been reported by Brunet t i ( lO) . On the other hand, the amplifier 
supplying negative capacitance must be f l a t beyond the frequency range 
Instances of the use of such compensation have been reported in 
the l i t e r a tu re (31 -33) . 
U3 
of the compensated amplif ier , and must have a small output impedance. 
This obviously involves poor economy (although such compensation might 
be useful in laboratory instrumentat ion). Therefore an inves t igat ion 
was made to determine the value of capacitance cancel la t ion , using suc-
ceeding stages to provide negative capacitance. 
Amplifier Requirements for the Compensating Stage*—Since feedback over 
two stages in the frequency range from 100 kc to k mc i s d i f f i c u l t to 
control accurately, i t was deemed more p rac t i ca l to apply the capacitive 
feedback across a single s t age , '^liis necessitated the use of a stage 
which has no polar i ty r eve r sa l . 
The Cathode-Coupled Amplifier.—The cathode-coupled amplif ier , mentioned 
above in Chapter I I I , has no po la r i ty reversal from input to output. I t s 
excellent phase cha rac te r i s t i c s down to zero frequency and a t the higher 
video frequencies make i t a sui table choice for the compensating s tage. 
Although t h i s amplifier uses two t r iodes , for p rac t i ca l purposes i t has 
the cha rac te r i s t i c s of a single-stage amplifier, since i t s two t r iodes 
are conveniently enclosed in one envelope and since i t requires so few 
elements besides the vacuum tube, 
Invest igat ion of the Circuit.—The method used i n t h i s inves t igat ion was 
to design a high-gain resistance-coupled amplifier using a sharp cutoff 
pentode in a conventional c i r c u i t . This amplifier was then connected to 
precede the cathode-coupled s tage, and the feedback capacitor C„ was con-
nected d i r ec t ly across the cathode-coupled stage as shown in F ig . 19. The 
resis tance R may be thought of as approximately cancelling the negative 
I I C f 
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Figure 20 
k$ 
r e s i s t i ve component of the negative capacitance-resistance combination 
caused by the output impedance of the amplifier* '-i-his i s not s t r i c t l y 
so, but may be taken as a sor t of f i r s t approximation, 
The general c i r cu i t including a l l of the important pa ra s i t i c 
capaci t ies i s shown in K.g» 20. I t has been determined t h a t , of the 
stray capacitances present in the cathode-coupled c i r c u i t , only C- and 
G0 are of importance i n the frequency range of present concern (video 
frequencies) (3U). For the values of C encountered experimentally (in 
o i 
the range 1-i;tuf), and considering the magnitude of the amplifier out-
put res is tance R ( less than 10,000 ohms), i t was seen t h a t G did not 
8. O 
play a primary role in the compensation of the amplifier a t frequencies 
near the cutoff frequency of the pentode amplif ier . i'hen the problem 
was to find optimum values of C«, A , R , and R to obtain b e t t e r high-
*• *n c a 
frequency response and increased gain. The derivat ion of optimum values 
for these elements i s shown in the appendix, as i s t h e i r de ta i led app l i -
cation to the amplif ier chosen. The prac t ica l r e s u l t s of t h i s derivation 
are as follows: 
A - KR (a large value i s des i rable) (22) 
/c + c. \ / R \ 
(23) 
Cf(C * C.) 




The value of L must not indicate an Ra large enough to become 
comparable with l/wC0 i n the frec{uency range where compensation i s 
desired• 
he 
where A i s the raid-frequency amplification of the compensating stage, 
m 
and K i s an amplifier transconductance defined by equation 5k, appendix* 
The physical c i r c u i t and i t s actual element values used i n the 
invest igat ion i s shown i n Fig* 21, Tne optimum values for t h i s c i r cu i t 
were calculated (see appendix) taking into account the experimentally 
determined values for C and C.• The resu l t s are a s follows, 
s 1 
A ; 8, (selected) m 
A - 8,35 (measured) 
R = 7800 ohm (calculated) 
R - 8800 ohm (measured) 
a - ' 
C. i 11 uuf (calculated) 
V0 + C. - U3*8 uuf (measured, includes 15 uuf of voltmeter) s i 
Gg r: 12.8 uuf (measured) 
G± = U3*8 - 12,8 s 3 1 . uuf (including voltmeter) 
These resu l t s yield optimum values of 
Cf - 6,5 uuf, 
R -: 1^,000 ohm. c 
The techniques of measurement used in t e s t ing the complete ampli-
f i e r c i r c u i t are i l l u s t r a t e d by Fig, 22. The voltmeters used have input 
capacit ies of.15 uuf, and t h e i r effect could therefore be neglected in 
measuring E and kS n . However, the impedance level of E_ i s quite high, 
g u 1 
so that i t was necessary to leave the voltmeter E permanently in the 
c i r c u i t , and to include i t s capacitance as a part of Cj_, above. The vo l t -
age E was maintained near one volt for a l l measurements, to avoid over-
U7 
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dr iv ing t h e c a t hod e-coupled 6SN7 a m p l i f i e r . In a p p r o p r i a t e i n s t a n c e s , 
of course , R and C were not employed. In de termining C i t was neees -
c f s 
sa ry to d i sconnec t the 6SN7 ampl i f i e r from the preceding s t a g e . The 
ca thode-ray o s c i l l o s c o p e was of g r e a t u t i l i t y i n rapid e s t i m a t e s of 
frequency response , de t ec t ion of i n s t a b i l i t y , and immediate i n d i c a t i o n 
of any apprec i ab le n o n l i n e a r i i y i n t h e output waveform. The o s c i l l a t o r 
employed was of the r e s i s t a n c e - c a p a c i t a n c e type and had a frequency range 
of 20-200,000 c p s . The output pad was employed t o i s o l a t e t h e i n p u t 
capaci tance of the vacuum tube vo l tme te r and o s c i l l o s c o p e from the o u t -
put impedance o f t h e a m p l i f i e r . 
F i g . 2I4. shows g r a p h i c a l l y the r e s u l t s of compensation us ing 
R« = 1^,000 ohm and d i f f e r e n t va lues of G_# The vo l tage a m p l i f i c a t i o n 
of tiie two s t a g e s i n cascade i s approximately 800. lhe gain of the 
cathode-coupled a m p l i f i e r i s s u b s t a n t i a l l y c o n s t a n t up t o the h i g h e s t 
frequency of F i g . 2U. At 200 kc the amp l i f i c a t i on i s about one pe r 
cent below the mid-frequency value* Accordingly, t he f i g u r e may be 
considered as the normal ized vo l t age amplJ.fication of e i t h e r t h e pentode 
s tage or the complete a m p l i f i e r f o r the frequency range shown. I t i s 
demonstrated i n the appendix t h a t the exac t second-s tage a m p l i f i c a t i o n 
i s 
E 0 l ^ w C ^ / A 
_ : Am (25) 
E l 1 * Wf\ 
The response curves of Fig* 25 show the effect of compensation 
with other than the optimum values of Am, Cf, and R . 
50 
The response curve i n Fig. 2k representing G* - £.1 uuf approaches 
the shape ant ic ipated from the der ivat ion of optimum values for G^ and 
R . The difference between 5 *1 uuf and the calculated 6»5 uuf i s not 
c 
excessive considering t h e poss ib i l i ty of stray capacitances from input 
to output . xhe improvement i n frequency response i s approximately five 
to one if band-width i s measured to the frequency of 90 per cent response. 
This improvement compares very well with the approximate values of two 
to one for passive two-terminal compensation and four t o one for passive 
four-terminal compensation ( in the most favorable case , where G « C^). 
Frequency response for l a rge r values of C~ indicates excessive 
overshoot and a tendency i n the d i rec t ion of o s c i l l a t i o n . For values 
of Cf larger than G» = 9 uuf (with k^ m 8.35) o s c i l l a t i o n was noted. 
This indicates a margin for Cf of almost 60 per cent between optimum 
conditions and osc i l l a to ry conditions. With consideration of s t ray 
capaci t ies and shielding i n the amplifier design t h i s margin was found 
to be en t i r e ly adequate to insure s t a b i l i t y with varying l ine voltages 
and tube replacements. 
Relative Economy. —The re la t ive economy of t h i s method of compensation 
can be compared with the use of two pentode amplifiers i n cascade. If 
the pentodes are assumed to have the same charac te r i s t i c s a s the 6SJ7 
used in the f i r s t stage of t h i s amplifier and the same value of 
C + C. s kk uuf, then each stage must have an equivalent load re s i s -s •*-
tanee of approximately 30,000 ohms to obtain a t o t a l araplification of 
800. '̂ hen the t o t a l response w i l l be 50 per cent of i t s mid-frequency 
value a t f - 120 kc. At 120 kc the response for the amplif ier above 
r 0") 
Amplifier Frequency Response With Am • 8.J5 and Rc - 15,000 ohms 
Figure 24 
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i s 85 per cent of i t s mid-frequency value. If both s tages of the pentode 
amplifier employ shunt peaking with the parameter N(33>) chosen for great -
es t s imi lar i ty of response curve to Fig. 2k with G« s 5*1 uuf (N s O.UU), 
the t o t a l amplification i s about 90 per cent of i t s raid-frequency value 
a t f s 120 kc. I t i s therefore evident that the r e s u l t s obtained here 
are l i t t l e d i f fe ren t from those obtained with shunt peaking, so far as 
high-frequency response i s concerned. However, no inductances have been 
employed, and the second stage i s considerably simpler than a pentode 
stage, especial ly since the cathode-coupled amplifier introduces no 
low-frequency phase-shif t due to cathode or screen-grid impedance. 
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CHAPTER V 
THE VEBMAN CIBCUIT FOR A VARIABLE HEAL IMPEDANCE 
The Basic Circuit»—In Chapter II the basic Verman circuit(Fig. 1) was 
discussed with particular application to the production of negative 
capacitance and negative inductance* It was also noted, however, that 
reinsertion of negative capacitance into the arms of the T-section can 
produce impedances that are neigher positive nor negative • Such a cir-
cuit was investigated in the experimental work for this thesis. The 
circuit chosen for study is formed by setting n « 1/jwC, the impedance 
of an ordinary capacitance, and Z * E, a constant positive resistanceo 
The shunt arm of the T-section is then -a <« l/-jwG. A negative capaci-
tance is therefore required* If the question of instability is neglected, 
substitution into equation 2 yields 
Zt - \fa\h (26) 
a real positive impedance which varies inversely as the square of fre-
quency* Ordinarily, an impedance with a real part which changes with 
frequency must also have an imaginary part which is not identically 
zero, 
A purely resistive element whose resistance varies with frequency 
could be quite useful in circuit design for filters, equalizers, and 
other applications since it introduces, of itself j, no phase-shift* 
However, this element as considered above is inherently unstable unless 
S5 
the impedance connected to Z+ has no r e s i s t ive p a r t . Al ternat ively Z^ 
must be driven by a voltage generator with no s e r i e s res is tance in i t s 
7 
equivalent c i r c u i t . This r e s t r i c t i o n removes the c i r c u i t as shown from 
the realm of p r ac t i ca l u t i l i t y , but also indicates the type of modifica-
t ion necessary t o obtain a p r ac t i ca l r e s u l t . 
Approximation to the Desired Impedance.—The modified c i r c u i t which 
permits s t a b i l i t y with a non-zero se r ies resis tance i s shown in Fig. 26. 
The negative capacitance must possess a ser ies negative resistance - R . 
and t h i s f a c t i s taken to advantage to insure s t a b i l i t y . The capaci-
tances must be adjusted very precise ly t o the re la t ion 
C . Gn (27) 
This adjustment i s again ra ther c r i t i c a l , since cancel la t ion of the 
reactive components of Z. i s based on t h i s r e l a t i on . I t i s now evident 
that i f R i s much la rger than R^ s t a b i l i t y w i l l depend primari ly upon 
the value of Ze (assumed to be r e s i s t i ve only)* In fac t the c i r c u i t for 
R large i s e s sen t i a l l y the c i r cu i t investigated for s t a b i l i t y in Chap-
t e r I I I , above. This inves t iga t ion demonstrated tha t the c i r c u i t of 
Fig. 26 w i l l be stable when the capacitances are properly adjusted i f 
Z^< R (28) 
Q n v ' 
The change from the ideal c i r c u i t to the c i r cu i t of Fig. 26 affects 
considerably the expression for Z. . I t i s shown in the appendix tha t 
7 
This statement presupposes the use of a shunt-type negative 
capacitance in the c i r c u i t . 
56 
the reat ion now is 
1 / l + j2wIL.C - W c2R R\ 
Zt « T T V — — 7 — — J (29) 
t WVR V 1 - Rn/R / 
This impedance d i f fe rs from t h a t of equation 26 in two e s s e n t i a l ways* 
F i r s t , i t has a non-zero imaginary pa r t ; and, second, i t s r ea l par t 
does not remain pos i t ive for a l l frequencies, 'J-'hese changes represent 
the concessions necessary to insure s t a b i l i t y . 
I t i s worthwhile to examine equation 29 more fu l ly . In a 
p rac t i ca l appl icat ion, such as a f i l t e r , i t would probably be desirable 
to control both the imaginary par t of Z and the frequency where the 
real pa r t of Z^ changes sign. I t might also be desirable to specify 
R a r b i t r a r i l y to insure s t a b i l i t y with some par t i cu la r driving source«, 
Suppose, for example, i t i s desired tha t the network remain stable when 
Z - K . A value of R =- K ^ KQ ohms might then be selected to insure 
s t a b i l i t y , '̂ he most important frequency made evident by equation 29 i s 
the zero of the r e a l pa r t of Z+, which occurs a t 
w2c2RnR = 1 (30) 
If th i s zero i s desired to f a l l a t some par t i cu la r frequency, say w , 
then a specif icat ion of the magnitude of the imaginary par t may be based 
on the value of 2w R C compared with uni ty . I f for instance i t i s 
specified tha t 






O s c i l l a t o r 
-C n l 
; > R 
I 




VTVM CRO • I 





















Second Circuit for Measuring Z\ 
Figure 28 
S8 
then, si me R - K and wQ are constants already d etermined, C i s now 
fixed. '4iese constra ints then leave only R to be varied for the s a t i s -
fact ion of equation 30. Specification of any addi t ional c h a r a c t e r i s t i c s , 
such as the magnitude of Z. a t some frequency other than wQ, leads 
e i t he r to an inconsistency or a redundant condition on Z, • 
The c i r c u i t of Fig. 26 was investigated experimentally using as 
the shunt branch of the T-section the negative capacitance discussed 
in Chapter I I I . ^he c i r c u i t for which C ~ 0,007 uf and R i 35 ohms 
n n -
was employed, and a value of 500 ohms was chosen for &. Precision 
decade capacitors shunted with vernier capacitors were employed in the 
ser ies arms of the T-section, The capacitance C was se t at 0.007106 uf. 
If R were a posi t ive constant, equation 29 would indicate a t 
any one frequency an inductive reactance in ser ies with a res i s tance . 
However, i n the case where -R i s va r iab le , as shown by Fig. 159 the 
r e s i s t i ve pa r t of Z. may be effect ively in ser ies with e i t h e r an i n -
ductive or capacitive reactance. Furthermore, s l igh t va r ia t ion in C 
can easi ly cause enough va r i a t ion of t h i s react ive component to change 
i t s algebraic sign. Therefore the c i r c u i t was expected t o yie ld the 
proper var ia t ion of the r e a l pa r t of Z. , but the imaginary par t was 
not expected to follow any eas i ly predictable pa t t e rn . I t neverthe-
less seems reasonable t o suppose t h a t the imaginary component of Z^ 
would be f a i r l y small over some range of frequencies. 
Measurement Techniques.—The discussion above concerning the number of 
independent cons t ra in t s i n the use of the general impedance Z. has 
pa r t i cu la r appl icat ion t o the problem of accurately measuring Z+. The 
59 
measuring c i r c u i t connected td Z must not have an i n t e rna l impedance 
t 
(assumed r e s i s t i ve ) of g rea te r than about 30 to 35 ohms. 'Aie applica-
t ion of equation 29 ye i lds for Z t a t frequencies well below 1^0 ke (the 
approximate frequency of the zero of the r e a l component) the approximate 
expre ssion 
Z - 'i52i (kilohms) (32) 
t f2 
where f i s measured in kilocycles per second. At a frequency of 10 kc 
this re la t ion shows Z to be about 10,000 ohms. A technique for 
measuring Z. was needed which could measure impedances of such magnitude 
and s t i l l present to the active network a - res i s t ive impedance of no more 
than 35 ohms. 
The method employed was the standard three-voltmeter method, since 
th i s method allows control of the impedance of the measuring c i r c u i t • 
The c i rcu i t s employed are shown by ? ig . 27 and Fig. 28• In using e i ther 
of these c i r c u i t s a res is tance appears between the ground terminals of 
two of the instruments. This d i f f icul ty was accepted since the r e s i s -
tance in e i the r case was small , and since no other method of measurement 
was feas ib le . Theoret ical ly the three-voltmeter method y ie lds both 
magnitude and angle of the measured impedance. In t h i s ease voltages 
E, and Ep were so nearly equal (Eo was ordinar i ly of the same order of 
magnitude as the observational e r ror involved in reading E, and Ep) 
t ha t no phase measurement could be made. However by using the c i r c u i t 
of Fig. 28 a phase measurement was possible for frequencies above about 
15 kc using the Lissajous pat tern on the cathode-ray oscilloscope screen. 
70. f (kc) 




The phase difference measured by t h i s pa t tern i s the angle between E? 
and E i f there i s no phase-shif t in the voltmeter and oscilloscope 
amplif iers . At frequencies above about 30 kc phase-shift i n the ampli-
f i e r s became too la rge and unpredictable (for various gain se t t ings) to 
allow sa t i s fac to ry phase measurements* I t was deemed impractical to 
attempt any measurements at frequencies higher than 70 kc, since the 
high-frequency limit of most of the equipment used was in the range 70 
to 1£0 kc. 
The effects of hum, noise and power-line t r ans ien t s were so large 
in comparison with the voltage E~ for frequencies below about Jh kc that 
the measurements a t these frequencies must be considered quite approximate 
Experimental Results.—The var ia t ion of | Z . | with frequency, determined 
from the c i r c u i t of Fig. 27, i s shown in ^ ig . 29, in which the abcissa 
and ordinate sca les are l i nea r , k somewhat more useful method of demon-
s t ra t ing the var ia t ion of |Z. I with frequency i s shown i n Fig. 30 . In 
t h i s figure both abcissa and ordinate scales are logarithmic and points 
representing the experimental data have been e x p l i c i t l y plot ted to show 
the degree of sca t te r ing from the idea l variation* A l ine with a slope 
of two decades per decade has been drawn through the estimated centroid 
of the po in t s . ,J-'he equation of t h i s l ine i s 
913 
| Z J . — (kilohms) (33) 
with f again measured in kilocycles per second. The close corre la t ion 
between the points and t h i s line^ and the reasonably close agreement 
62 
Variation of |z^| (Measured Using Circuit of Figure 27) With Frequency 
Figure 50 
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between equations 32 and 33 indicate the va l id i ty of equation 2° up to 
frequencies of about JwQ. I f the var ia t ion expressed by equation 33 
i s extrapolated to a frequency of lij.0 kc, a value of |Z. | - U6.5 ohms 
i s obtained. This r e su l t agrees with t h e predicted crossover frequency 
of lUO kc since 1*6.5 ohms i s within the range of values associated with 
R above 10 kc . I t should probably be emphasized that t h i s discussion 
has been based only on the measured magnitude of IZ j and not i t s 
associated angle . 
The var ia t ion of Z versus frequency obtained using the c i r cu i t 
of Fig . 28 i s shown i n Fig. 3 1 , Again the points sca t te r closely about 
a l i ne with a slope of two decades per decade. The equation of t h i s 
l ine is 
Kl - 3-r Ok) 
f 
a re la t ion which agrees very poorly with equation 32. The difference 
between t h i s r e su l t and equation 33 i s believed to be due to the fact 
that the voltmeters employed in the c i r cu i t of Fig. 2? are of the peak-
reading type , while those employed i n the c i r cu i t of F i g . 28 are of 
the average-reading type, 
The resu l t s of the measurement of the angle ©, where 
zt = lztl A- (3$) 
are shown in Fig. 32. Because of s l igh t nonl inear i t ies i n the c i r c u i t 
(primarily in t t e negative capacitance c i r c u i t ) , the Lissajous pa t te rn 
used to measure 9 was not perfect ly e l l i p t i c a l . For the f a i r l y small 
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Variation of |zt| (Measured Using Circuit of Figure 28) With Frequency 
Figure Jl 
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values of sin 9 encountered, the loop was almost closed and the ampli-
tude d i s to r t ion often caused the sides of the loop to i n t e r l a c e . On 
th i s inter laced pa t te rn i t was d i f f i cu l t to determine s in © very 
accurately, and an indisputable determination of the sense of 9 was a 
p rac t ica l impossibi l i ty , ^or these reasons the maximum value of 9 
has been plotted i n F ig . 32. In the limited range of frequencies shown 
in Fig. 32 the phase-angle measurement tends somewhat to verify the 
theoret ica l predic t ions , but the data i s actual ly too meager to support 
any general statement. 
The sa l i en t features of the behavior of iiie active network as 
expressed by equation 2° have been p a r t i a l l y verif ied by several r e su l t s 
discussed in th i s sec t ion . However, i t i s quite evident that the most 
satisfactory of these r e su l t s i s the close agreement between equations 
32 and 33 and "the impressive corre la t ion between the plot ted points of 















0 . .0. 20. 
—r-
25« ^0. f (kc ) 
V a r i a t i o n of Maximum Measured Angle With Frequency 
Figure ^2 o 
67 
CONCLUSIONS 
A practical shunt-type negative capacitance was constructed to 
approximate closely the behavior of a pure negative capacitance over 
a frequency range of about two decades. The most important parasitic 
element associated with this negative- capacitance was a series negative 
resistance. This negative resistance varied somewhat with frequency, 
but was substantially constant in the mid-frequency range of the ampli-
fier employed in producing the negative capacitance. When the negative 
capacitance was connected to the series combination of a positive (pas-
sive) resistance and capacitance, the condition for which the positive 
and negative capacitances were equal in magnitude could be closely 
approximated with stability if the positive resistance was less in 
magnitude than the series negative resistance associated with the nega-
tive capacitance. 
It was found possible to use a shunt-type negative capacitance 
circuit to compensate for the shunt capacitance of a pentode amplifier 
over a frequency range of about five to one. At the same time additional 
amplification was obtained from the compensating amplifier. The overall 
results of such compensation were little different from those obtained 
with two pentode stages employing shunt peaking so far as high-frequency 
response is concerned. However, no inductances were required, and the 
very simple compensating stage introduced no low-frequency phase-shift 
due to screen-grid or cathode impedance, 
68 
A proposed circuit for realizing a resistive impedance inversely 
proportional to the square of the frequency was found to be unstable in 
its ideal form, but stable in its practical form when certain restric- • 
tions were placed on the driving source for the impedance. In the prac-
tical form of the eircuit, the impedance had a small but non-zero reactive 
component; and the resistive component, even in theory, could approximate 




It is recommended that further study be made of the possibilities 
of application of negative irapedances in problems of network synthesis 
and in practical circuit design. Furthermore, an investigation of the 
potential value of small battery-powered, self-enclosed negative impe-




Derivation of Negative Impedance Using German's Circuit (Fig, 1 ) • — 
(-m) (ra + Z) 
Zt = m + ; 
-m + m + Z 
0 o 
mr raZ -m 
Zf-n----.: (2) 
z z z 
Derivation of Negative Impedance Using Series-Type Circuit (Fig* 3)»— 
Assume a current source, I. Then 
e - IE2
 + Ae 1 + IP^ + IZn 
(36) 
n = -KRn
 + 2n) 
or 
e « I (R 2 + 1^ - ARn + Zn - AZ^J (37) 
Let 
R = Rn(A-l) (38) 
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Then 




A " 1) (39) 
Derivation of Negative Impedance Using Shunt-iype Circuit (Fig, J4-)»—• 
The simultaneous voltage equations are 
e - Ae 1 + IRo + IZ n + IR2 
e.. - -IRo + e 
(kO) 
or 
e = -IR3(A - 1) + IR2 + IZ n * Ae 
1(1 - A) z R2 -R3(A - 1) + Z n (ill) 
Let 
R 2 - R3(A - 1) (U2) 
Then 
» M M W 
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Derivation of Voltage Amplification and Output Impedance of the Cathode-
Coupled Amplifier (Fig. 12).—The equivalent circuit is drawn in Fig* 33 
The method to be followed is the determination of the Norton Equivalent 
Generator of Fig. 3k* Resistance Rp may be removed from consideration 
since it appears in shunt with the output only, and loop current ip may 
be closed through the voltage source, E. 
In the equivalent circuit of Fig. 339 the voltages e -, and ego 




eEl = El + Vac = El - V, ca 




where E-[_ is the input voltage. If the generators driving IL are replaced 
by Norton Equivalent Circuits, Fig. 3£ results. Now the required 
parameters are 
g l E « 0 (1*6) 
and 
R_ - E 
E1 > 0 
CM) 
The node equation is 
^rn^gl + ̂ m2eg2 - V^k 
Let 
V ca l/rpl + 1/Rk + l/rp2 
(U8) 
1/M = l / r p l • 1/% + Vr p 2 0*9) 
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pi 
uiy u2e £2 
rp2 B 






Equivalent C i r c u i t of Cathode-Coupled Amplifier 
Figure 55 
Norton Equivalent C i r c u i t of Cathode-Coupled Amplifier 
Figure *A 
Smlegl CD 4 *k rp2^ \^Jz<m2«g2 " ^ r p2 
Equivalent Circuit for 0 alculating V ^ 
Figure 55 
then 
V -• Mg (E - V ) + Mg (-V ) -ME/r 
ca ml 1 ca ra2 ca p2 
or 
7U 
Vca 0 + *\l + ^ 3 ' mml\ - m/T P"2 
g m l E l • E / r p 2 




V + E - u eg ( u . + 1)V + E 
ca 2 fe2 2 ca 




u 2 + 1 V 
ca 





g m l E l 
eLi + g„o + VK 
a KE. 
p2 / \ B m l &m2 
where 
fe2




P 2 / \
 gml + gm2 * l / t 4 
(53) 
(5U) 
i s the e f f e c t i v e a m p l i f i e r t ransconductance* 
Considering ip a g a i n , we have 




and i f R i s des i red , we are interested in 
P 









• * * « * . * ^ 
or 
E u2 + 1 - 1 




R P = 
•P2 
/ u2 + V 
1 -
p2 / \ B na + gm2 + 1M) 
(57) 





'u2 + 1> 
52IJL2 5t 
r « /I u r H + u r R + r R + r R + r r 
p 2 / \ 1 p2 k 2 p i k p2 k. p i k p i p2 
V k f r l * X> * V k ( U 2 + V + rpl rP2 -
 r
p l V
U 2 * 1} 
VV*! + X) + rpl\(^2
 + 1) + rpl r P2 
Rk(u i + 1) * r 
= r. 
P i 
p2 r oR, (u, + 1) + r R (u„ + 1) + r , r 0 
p2 k 1 ' p i kv 2 ' pl :p2 
then 
E 
R p =I7 
rplFp2 + r p2V U l + X> + r p lV U ? + 1} 
rpl + V U 1 + X> 
(58) 
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If this result is introduced into 
Am = KRa (22) 
where 
L-.l'l (23) 
Ra Rp R^ 
equation 17 will result. Equation 19 results from the introduction of 
$1 into 23. 
Continuing with R , we have by division 
r ..R (u + 1) 
Pi k 2 ' 
Rp - r 2 + m 
rpl • Rk(ux • 1) 
In the ordinary case where 
m - ii - u 
1 - 2 " 
and 
rpl = rp2 = rp 
the equivalent circuit of Fig. 36 is seen to hold. 
Derivation of Optimum Element Values for Compensated Amplifier. —The 
equivalent circuit for the compensated amplifier (Fig. 20) is shown in 
Fig. 37. In this equivalent circuit both the pentode stage and the 
cathode-coupled stage have been replaced by their Norton Equivalent 
Generators, and the circuit drawn is valid for small signals. Further-
more it has been assumed that C is small enough to be neglected at the 
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RL 
Rk(u • 1) 
I 
















frequencies considered, and that R T is large enough to be omitted for 
o 
a-c calculations. Parameters K and Ra are defined by equations £4 and 
18 respective, and in the pentode stage R is the usual output resis-
tance, where 
1 1 1 1 
Re rp \
 Rg 
Writing node equations, we have 
g e - E I - EnG 6m g - a a 1 c 
where 
(60) 
0 = -EaGc + E1Y1 - E 0 B f (61) 
KE-L = - E ^ f * E Q I 0 
l a = 1/Rg + 1/RG + JwCg 
I x - 1/Re + jwCf + jwC i 
X0 z 1/Ra
 + JwGf ( 6 2 ) 
Gc = VR C 
B f - jwCf 
Transposing, we have 
W g = E a Y a " E l G c 
0 = -EaGo + E1Y1 - E o B f (63) 
0 = - E Y + E T 
1 m 0 0 
where 
*m - K + J w C : 






4 S = ~% * i -BJ 
1 0 -Tm Yo 
= *a C Y l T o- V f ] + Gc O ^ o ] 
and 
A> = 
Y„ -G„ gme„ a c °m g 
-Gc Y l 




= gmeg6cT: m 
Expanding, we obtain 
gmreeg 
RcRaRe 
CAm + 3*£ Ra] 
where A is given by equation 22. 
m 
Expansion of equation 6k yields 
1 
S " R <A R , 2 e a c 
|TEc + ^{Wc + (Re + V [C±\ - Cf <Am 
+ W c " $ -y2 ( W o C°iRc + GfRa " GSK " ^ 
+ (Rc + R e ) C f C i R a R J5 " ^ f W f W c } 




and simplify equation 68, we obtain 
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As %-Trtf1 + *" f ^ * C i - °f K - X 0 Re + C f R a } ReRaRc 
-w2fc*R„ fc R + C . R " \ +C R T G . -Gp(A - 1)1 R T ^ x a ^ s e I e j s e l » i ^ m /" c j 
. 3 
-jw G R G-R G. s e f a I 
Now E may be calculated 
o • * 
All 
Ao WgCAm + JWGf\] 




T l •• £ s + ° i - Gf <Ara -
 X>] Re + CfRa 
T2 = C A [ C A + C.Rj + CsRe [ C . - Cf (Am - 1 ) ] Rc (71) 
T, s C » C_R C.R 3 s"e f a i c 
Equation 70 may be rewri t ten as 
E g R A f 1 + JWG»/K"| o m e m !L f J 
6g 1 + ^ 1 " W T2 "'^ r3T ' 
(71) 
Now, to obtain a flat gain characteristic to as high a frequency as 
possible (without overshoot), it is necessary to set 
Tx = Cf/K (72) 
81 
C + C\ ( R s 11 / e 
T « 0 (73) 
2 
and to minimize To. From equation 72 we obtain the optimum value of 
Cf--| II ' {lk) 
V - i/V* - R; 
and from equation 73 the optimum value of 
cf(c * c ) 
RC -. Ra - (75) 
C 2 
S 
Now, to minimize To, we wri te the approximate r e l a t ion 
c f = (Gs
 + C * ) A (?6) 
•*• b J- m 
Then 
(C + C.) 3 G R 
T3 =
 S X i e (77) 
K2°S 
a resul t which i s independent of A ;, Therefore a large value of A 
m m 
should be employed to give a large gain-bandwidth product. Then, if 
desired, R may be decreased to decrease T-, and obtain a greater band-
e J 
width, 
If EQ/S-J i s of i n t e r e s t , i t may be obtained eas i ly as 
E„ A o L>o 
E i " A x 
where 
'1 r 
y a gme^ r 0 
-»c 0 - B f 




R R c a 
(1 + jwGfRa) 
- G I g e 
- c o&m { 
Therefore 
EQ Am + jwGfRa 
E-. 1 + jwC-R 
f j i 
or 
EQ A + j«C f R a /A n , 
"V 
i- jwCfR, 
Der iva t ion of Inpu t Impedance of t h e Network of Fig., 26, 
of i n t e r e s t i s t h a t where 
C s C 
n 
Z, - + 
jwC 
- (R + J L ) ( \ + Jj 
1 jwc
 n j W C 
R - R 
n 
- * n R -
\ * 
2 2 
jwc jwc w c 
JWC R - R 
n 
2R„ 1 
" n " " 2 2 
jwc w c 
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R - R 
n 
2 2 
-w G R R + j2wR C + 1 \ 1 
n n n 






1 / I + j2wR C - w c R R n n n 





Table 1, Values of Components and Parameters of Cathode-
Coupled Amplifier (Fig* 12) Employing 6J6 Type Vacuum Tube 
Parameter of 
Component Value 








A 2 •Oil 
m 
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Table 2. Frequency Response of Negative Capacitance Produced 













































Table 3. Frequency Response 
with Feedback Amplifier and 
f G . G n R 
Pi p2 pi 
(kc) (uf) (uf) (ohm) 
0.50 0.1812 0.1122 2068. 
1.00 0.16222 0.09230 3536* 
2.00 0.15739 0.08769 2558. 
3.00 0.15658 0.08703 3686o 
5.00 0.16U92 0.095^9 1591. 
10.0 0.15530 0.08565 hb3. 
20.0 0.13167 0.06186 153. 
30.0 0.15U5 0.0852 126. 
50.0 0.131k 0.0689 $h. 
of Negative Capacitance Produced. 
Employing C„ r 0.01 uf 
R -G -R 0 
p 2 n n 
(ohm) (uf) (ohm) (degrees) 
2055. -0.0690 +65.U -0.80 
3519. -0.0699 + 7.0k -0.18 
2585. -0.0697 - 5.30 +0.18 
3868. -0.0696 - 7.U1 0.55 
1701. -0.069U - 8.63 1.07 
U77. -0.0697 - 8.39 2.1 
169. -0.0700 - 7.97 U.O 
153. -0.0701 - 8.Hi 6.1 
66. -0.0701 - 7.10 9.0 
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Table 1*. Frequency Response of Negative Capacitance Produced 
with Feedback Amplifier and Employing Cf s 0.001 uf 
f C „ C R R *G -R 0 
Pi p2 p i p2 n n 
(kc) (uf) (uf) (ohm) (ohm) (uf) (ohm) (degrees) 
o.oUi 2634. 2605. -0 .008 +5960. - 5 . 2 
0.1059 2598. 2585. -0 .0071 +3950. - 5 . 0 
0.12706 3850. 3814. -0.00706 +1250. - 3 . 2 
0.13759 U3U1. 1*300. -0 .00691 + 292. -1.1*5 
0.131*50 • 1959. 1951. -0.00692 + 121*. -0 .92 
0.13636 1U55. 3l*51w -0.00691 + 1 0 . 1 -0 .13 
0.1265 3 9 3 . 391*. -0.0070 - 33.1* +0.83 
0.0987 128. 129. -0.0072 - 7U.0 +3.8 
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Table 6. Variation of the Critical Resistance 
for Oscillation in the Circuit of Fig. 17 











Table 7* Amplifier Parameters and Optimum Element Values 
^ i u 2 i 20 
rpl * rp2 = ̂ 700 onRis 
gml = gm2 * 2 6 0 0 x 1 0 m h o s 
Rk -i U70 ohms 
R^m 120,000 ohms 
R « 1+70,000 ohms 
Re - 9$$$00 ohms (calculated) 
K s 0.95 x 10""5 mhos (calculated) 
A a 8 (selected) 
R0 i 22,000 ohms (selected to give A r 8) 
RgL * 7820 ohms (calculated) 
Am « l,k3 (calculated) 
Am = 8,35 (measured) 
R - 8800 ohms (measured) a 
G0 + 15 uuf - 16 to 17 uuf (measured, includes 15 uuf voltmeter 
capacitance) 
GQ * 1 to 2 uuf (calculated) 
Gs + î, = ̂ 3»8 (measured) 
Gg 5 12,8 (measured) 
G± z 31 uuf (including 15 uuf of VTVM) 
Gf s 6,5 uuf (calculated optimum value) 
R - 15,300 ohms (calculated optimum value) 
O r^OO_=t_d-C\J_^-LAO O ~=f -3" CM CM GO sO l f \ O O- CO CM ̂ - - 3 
0 M A E ^ - ^ m 0 0 H l A H O r > - t * - C O 0 \ - ^ - ^ O \ 0 N W O C*-vQ O 
CM _d-"ix\ o-co ao o \ o \ o O O \ 0 \ O N O \ C N O O r « - O v O ^ ( n w CM 
O O O O O O O O H H O O O G O O O O O O O O O 
F-c\.'_-t<v>lfY»i<v>i_3-u-\ (r\^f^}^t^t n n f n n n r ^ n t n w w 
^ -cocococooDcooocococooocooooooooococooooocoa) 
C O i n i A J G l > - > - f - O O U \ l A n W O CM C^ CM CV.ICO t—sOvO 
C^-miirxpH o J - f - r l ^ o n f n 4 U \ H H ^ ^ O o O U \ U N O s 
CM _zfr l_r\ f>-CO CQ CO 0\OsO\0\0\0\0\0\CO C— ̂ • J J - ^ f ^ W H 
Ĉ -CM ^ r ^ r ^ r ^ ^ X J ^ ( ^ ^ ^ _ = t _ > J r ^ r ^ r « ~ \ r ^ { ^ \ . c n t ^ o ^ C M CM 
f-COOOCOOOOOCOODOOaDCOCOCOCX)COCOCOOOCOCOOOOOCO 
O O O O O O O O O O O O O O O O O O O O O O O 
O O O O O O O O O O O O O O O O O O O O O O O 
r^r-\iA,AtAr-ir-\r-ir-iHHr-{Ar-ir-ix-{AAtAr^iArAr-\ 
IACO J - ( K f n 4 l > t , - v G U N O ( ^ H H O ^ A 
MD f^>0O - ^ • C M r H r H O O O O O O O H C M C"\U\sO O CO O v H 
r r > C M i H r H H H H H H H H H H H H H H H H C M C M 0 ^ 1 f \ 
O O O O O O O O O O O O O O O O O O O O O O O 
O O O O O O O O O O O O O O O O O O O O O O O 
O O O T - T \ O O O O O 0 O 
W n 4 T-Pv CO O U N O O O O O O O 
O O O O O H H C M c ^ m o O O O O O O O O O 
O O O O O O O O O O H C M m ' O l ^ N X A O O O O O O O 
H CM o-\ ̂  tr\ c-- o i^\ O 
H H CM 
Table 9 . Compensated High-Frequency Response 
wi th A « 5 .2 : R = 0 : Cp <- 5 . uuf m c * i 
f E g E l A l V ^ - r t d d 
(ke) ( v o l t s ) ( v o l t s ) 
1.00 0.0105 1.00 9$. 1.00 
3.00 o.oiou 1.00 96 . 1.01 
10.0 0.0101* 1.00 96. 1.01 
30.0 0.0101 1.00 99. 1.0U 
UO.O 0.0100 1.00 100. 1.05 
60.0 0.0105 1.00 9$. 1.00 
80.0 0.0123 1.00 8 1 . 0 .35 
.00. 0 .0151 1.00 6 6 . 0 .69 
-50. 0.0276 1.00 36 . 0 .38 
00 . 0 . 01+25 1.00 2U. 0 .2^ 
Table 10 . Compensated High-Fre queney Response 
wi th Am t 
IQ 





A l A l / A l mid 
(kc) ( v o l t s ) ( v o l t s ) 
1.00 0.0105 1.00 95.2 0.96 
2 . GO 0.0105 1.00 95.2 0.96 
3.00 0.0103 1.00 97.0 0.98 
6.00 0.0101 1.00 99.0 1.00 
15.0 0.0102 1.00 98.0 0.99 
25.0 0.0103 1.00 97.0 0.98 
30.0 0.0101 1.00 99.0 1.00 
M).o 0.0098 1.00 102. 1.03 
50*0 0.0097 1.00 103 . 1.01* 
70.0 0.0093 1.00 108. 1.08 
100. 0.008U 1.00 109. 1.10 
150. 0.006U 1.00 156. 1.58 
200. 0.0067 1.00 Ik9. 1.50 
9k 
Table 1 1 . Compensated High-Frequency Response 
wi th / L a 
m 
i 8.35,- Rc - 15,000 ohms; c f S 5 . 1 uuf 
f E E, A, A, A , 
g 1 1 I 7 1 raid 
(kc) ( v o l t s ) (vo l t s ) 
25*0 0*0105 1.00 95.2 1.000 
30.0 0.0106 1,00 9k. 3 0.980 
Uo.o 0.0106 1.00 9k.3 0.980 
5o.o 0.0109 1.00 91.7 0.963 
70.0 0.0113 1.00 88.5 0.930 
100. 0.0116 1.00 86.2 0.905 
150. Q.OlU 1.00 70.9 0.7US 
200. 0.0186 1.00 S3.7 0.565 
Table 12. Compensated High-Frequency Response 
with A = 8.35; Rc s 15,000 ohms; Cf = 8.6 uuf 
f E E A. A,/A 
g 1 1 1 1 mid 
(kc) ( vo l t s ) ( v o l t s ) 
30.0 0.0105 1.00 95.2 1.00 
Uo.o o.oio5 1.00 95.2 1.00 
5o.o 0.0105 1.00 95.2 1.00 
70.0 0.0097 1.00 103 . 1.08 
100. 0.0082t 1.00 119. 1.25 
i5o. o.oo58 1.00 172. 1.81 
180'. o.ooU5 1.00 222. 2.33 
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Table lU. Compensated High-Frequency Response 
with Am = 6 .9 , R = 6800 ohms; 3» = 7.5 uuf 
(kc) (volts) (volts) 
1.00 0.0093 1.00 107. 1.00 
10.0 0.0090 1.00 1 1 1 . 1.03 
20.0 0.0090 1.00 1 1 1 . 1.03 
30.0 . 0.0089 1.00 112 o 1.05 
Uo.o 0.0087 1.00 115 . 1.07 
60.0 0.0081; 1.00 119. 1 .11 
100.' 0.0078 1.00 128. 1.19 
120. 0.0078 1.00 128 1.19 
150. 0.0089 1.00 112. 1.05 
200 0.012U 1.00 80.6 0 .75 
Table 15. Measurement of Z. with Circui t of F ig . 27 
f El \ E3 l
Ztl 
(kc) (rav) (mv) (nrv) (kilohms) 
7.00 136. 136. 0 . 1 - 0.2 2 0 . 
8.00 135 . 135. 0 .2 - 0 .3 1 2 . 
9.00 135. 135. 0 .3 1 0 . 
10.0 . 135. 135. 0 .6 7.5 
11.0 136. 136. o.6 7.6 
12.0 13k. 136. o.k 7.6 
3lu0 13U. 136. o.5 5.9 
16*0 136. 133 . 0 .7 k.2 
18.0 131;. 133 . 1.0 2.95 
20.0 1 3 3 . 132. 1.2 2.1*1 
23.0 133 . 1 3 1 . 1.5 1.9k 
26.0 132. 130. 2.0 1.66 
30.0 132. 130. 3 .0 0.962 
35.0 1 3 1 . 128. 6.1 0.69k 
Uo.o 130. 126. lw9 0 .571 
U8.0 129. 122. 6.< 0.617 
56.0 126. 118 . 8.6 0.301; 
62.0 121*. 111+. 10.6 0.239 
70.0 122. 109. 13.3 0.182 
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Table 16. Measurement of Z+ with Circuit of F ig . 28 
f Ex E2 E | z j + s in 9 |9|max 
(kc) (mv) (mv) (nrv) (kilohms) (degrees) 
U.oo 26U. 26U. 0 .3 19.5 
6.00 270. 269. 0.75 8.0 
8.00 271. 270. 1.15 5.2 
10.0 278. 276. 1.82 3.36 
13.0 229. 226. 2.52 1.99 
16.0 206. 201 . 3.59 1.2U 0.10 + 0.02 7 . 
18.0 H i 6 . 11*2. 3.22 0.978 0.00 + 0.02 1 . 
20.0 152. IMS. 3.8 0.865 0.00 + 0.02 1 . 
25.0 107. 102. 1**8 o.hn 0.01* + 0.02 3 . 
30.0 90. 82;. 5.2 0.358 0.20 + 0.0U H i . 
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